Phosphatidylinositol-3-kinase (PI3K) signaling plays a crucial role in oncogene-mediated tumor growth and proliferation. Buparlisib (BKM120) is an oral pan-class I PI3K inhibitor. This phase I study was conducted to determine the dose limiting toxicity (DLT) and maximum tolerated dose (MTD) of BKM120 in patients (pts) with relapsed/refractory acute leukemias. Fourteen pts (12 acute myeloid leukemia, 1 acute lymphoblastic leukemia, and 1 mixed phenotype leukemia) were enrolled. Twelve pts received BKM-120 80 mg/day and two 100 mg/day. The MTD was 80 mg/day. Of the 14 patients treated, the best response was stable disease in one patient that lasted 82 days. The median survival for all patients was 75 days (range 10-568). Three patients with a 3q26 chromosome abnormality had a significantly improved median survival of 360 days (range 278-568) as compared to a median survival of 57 days (range, 10-125) among the 11 other patients. The most frequent drug-related toxicities included confusion, mucositis, dysphagia, and fatigue. Western blot profiling revealed a decrease in p-pS6K/total pS6K in 5/7 (71%) available patient samples with a mean quantitative inhibition of 65% (range, 32-100%) and a decrease in p-FOXO3/total FOXO3 in 4/6 (67%) samples with a mean quantitative inhibition of 93% (range, 89-100%). BKM120 administered at 80 mg/day showed modest efficacy and was tolerable in advanced acute leukemias.
Introduction
The phosphatidylinositol-3-kinase (PI3K) signaling pathway plays a critical role in oncogene-mediated tumor growth and proliferation and has regulatory functions in cell survival, apoptosis, protein synthesis, and glucose metabolism. [1] [2] [3] [4] The Class-IA PI3K, one of three classes of PI3K, has been shown to be frequently mutated and/or activated in human cancers. Buparlisib (BKM120) is classified as an oral pan-class I PI3K inhibitor belonging to the 2,6-dimorpholino pyrimidine derivative family. [5] Efficacy and tolerance of buparlisib has been shown in advanced solid tumor malignancies. [3] It has shown promise as a combination agent with other therapies such as trastuzumab, letrozole, fulvestrant, and chemotherapy in cases of advanced breast cancer. [6] Phase III trials (BELLE-2 and BELLE-3) are ongoing to evaluate the efficacy of buparlisib in combination with fulvestrant in advanced breast cancer patients. [7] Deregulated activation of the PI3K/AKT/mTOR pathway has been shown to be a feature of acute myeloid leukemia (AML) patients contributing to an unfavorable outcome. [8, 9] It has been demonstrated that the PI3K/AKT pathway is constitutively activated in acute myeloid leukemia (AML), and this activation has been correlated to adverse cytogenetics and inferior overall survival. [9] [10] [11] [12] [13] [14] Two separate studies in newly diagnosed AML patients using flow cytometry and reverse phase protein array (RPPA) analysis, respectively, demonstrated that the level of AKT phosphorylation on Thr308, but not on Ser473, significantly correlated with high-risk karyotype in AML. [9, 15, 16] Furthermore, high levels of p-Thr308 was an adverse prognostic factor for patients with intermediate cytogenetics and was associated with inferior survival compared to patients with low or intermediate pThr308 levels. Increased AKT expression in AML is usually associated with oncogenic mutations of upstream targets, including receptor tyrosine kinases such as BCR-ABL, FLT3, and c-KIT (up to 35-40%), and mutated N-RAS or K-RAS (up to 20%). [4] Buparlisib has been shown to decrease the phosphorylation status of various either direct (GSK3b, FKHRL1/FOXO3a) or indirect downstream AKT effectors (p70S6K, through mTOR) in the PTEN null cell line. [10] These findings and others lent credence to the hypothesis that buparlisib may be an effective agent in patients with advanced leukemias. [17, 18] The clinical trial NCT01396499 was designed to identify an effective dose of BKM120 in patients with relapsed/refractory acute leukemias. To our knowledge, this is the first clinical trial to evaluate a pan PI3K inhibitor in advanced hematologic malignancies. Buparlisib administered at 80 mg/day was tolerable and demonstrated modest single-agent efficacy in pts with previously treated acute leukemias.
Methods
Patients with AML, acute lymphoblastic leukemia (ALL), or mixed phenotype acute leukemia (MPAL) who had relapsed, were refractory to standard chemotherapy, or unsuitable for standard chemotherapy were eligible for this study.
Study design. This was an open label, non-randomized phase I dose escalation study of single agent BKM120 in patients with advanced hematologic malignancies. To estimate the maximum tolerated dose (MTD), up to two dose levels of BKM120 in subsequent cohorts were explored. The starting dose was selected as 80 mg/day which was one dose level lower than the solid tumor MTD of 100 mg/day. [3] Therapy was administered daily continuously by mouth. One cycle was defined as 28 days. Therapy was continued in responders or patients with stable disease for up to 12 cycles or as long as clinical benefit was observed in the absence of clinically significant disease progression or unacceptable toxicity. Patients were evaluated for response by bone marrow aspirate and biopsy at the end of one full cycle of therapy (28 days) and every two cycles thereafter.
Study objectives. The primary objective of this study was to determine the DLT and MTD of BKM120 in patients with relapsed/refractory acute leukemias. Secondary objectives were to determine the safety and tolerability of BKM120, the clinically relevant disease responses to BKM120, and the effect of BKM120 on biomarkers of PI3K/mTOR signaling.
Treatment regimen. Patients received oral BKM120 continuously daily in 28 day cycles. The starting dose was 80 mg/day. For patients unable to tolerate protocol specified dosing schedule, dose adjustments were permitted to keep patients on study and for safety.
Eligibility. Patients were required to be 18 years or older with a diagnosis of AML or ALL, relapsed or refractory to standard chemotherapy. Other inclusion criteria included: ECOG performance status of 0-2, serum creatinine 1.5 mg dL 21 or 24-hr clearance 50 mL min 21 , bilirubin 2.0 mg dL 21 , SGOT or SGPT 33 upper limit of normal (ULN), serum amylase ULN; serum lipase ULN, fasting glucose 120 mg dL 21 , magnesium the lower limit of normal, normal total calcium and potassium, and an INR 2.
Biomarker and correlative assessment. Peripheral blood samples were collected before administration and 24 hr after administration of BKM120 during the first cycle of therapy. Bone marrow samples were collected at screening and on Day 28 of the first cycle of therapy. Protein expression in leukemic cells was evaluated using RPPA technology. [16, 19] RPPA was used to determine: (1) protein expression of the known upstream regulators of the PI3K/AKT pathway including PP2A, PTEN, and p53, (2) the activation status and modulation by BKM120 of the AKT/ mTOR pathway (AKT (Ser473)/(Thr308), p70S6K (Thr389), S6RK, 4EBP1 (Thr70)/ (Thr37/46)), total and phospho-mTOR (PRAS40), (3) the downstream apoptotic modulators shown to be inhibited by PI3K/mTOR inhibitors (Bim, Mcl-1, Bcl-2, Bad, HIF-1a), and (4) the effects of BKM120 on activation of other signaling pathways (ERK (p44/42), STAT-3 and STAT-5). Details of RPPA procedure are provided in the Supporting Information.
Results and Discussion

Study population
Baseline characteristics for the study populations are shown in Table  I . Fourteen patients received at least one dose of buparlisib (12 AML, 1 MPAL, 1 ALL) and were included in this analysis. The median age was 59 years (range, 29-85). All patients had received prior therapy. The median number of prior therapies was 4 (range, 1-6): hypomethylating agents (n 5 13), fludarabine (n 5 6), clofarabine (n 5 6), cladribine (n 5 2), either alone or in combination, and allogeneic stem cell transplant (n 5 3). Cytogenetic analysis revealed diploid karyotype in four patients (29%), complex cytogenetics including chromosome 5 and/or 7 abnormalities in three patients (21%), inversion 3 or 3q26 in three patients (21%), and other cytogenetic aberrations in four patients (29%). Molecular analysis showed NRAS mutation in four patients, IDH 1/2 mutations in two patients, and K-RAS, DNMT3A, NPM1, KIT, and FGFR1 mutation in one patient each, respectively. Dosing A 3 1 3 algorithm was used for dose escalation to determine the MTD. Among the first three patients to complete at least one cycle of therapy and be deemed evaluable for DLT at dose level 0 (80 mg/day), one patient experienced a DLT in the form of prolonged CTCAE grade 2 confusion and dysphagia. An additional three patients were enrolled at the 80 mg/day dose and no further DLTs were encountered. Since 1/ 6 DLTs were experienced the dose level was escalated to 100 mg/day. The first two patients treated at 100 mg/day experienced DLT in the form of grade 3 confusion and grade 3 mucositis with grade 2 confusion, respectively. The 80 mg/day was established as the MTD and three additional patients were enrolled at this level in the expansion phase. One of the patients enrolled at the 80 mg/day dose in the expansion phase but required dose reduction after cycle 1 due to grade 2 hyperglycemia. The patient continued on 60 mg/day for two additional cycles before experiencing disease progression. The median number of cycles received was 1 (range 1-3), and the most common cause of discontinuation was progressive disease (n 5 8).
Responses
Of the 14 patients treated, one patient had stable disease at the 80 mg/day dosage and had the longest duration on study at 82 days. The median overall survival for all patients was 75 days (range 10-568). The three patients with cytogenetic findings of 3q26 were found to have the longest overall survival of all study participants with a median survival of 360 days (range 278-568) as compared to a median survival of 57 days (range 10-125) among the 11 patient who did not have 3q26 abnormalities (P value 0.0052). The details of response for each patient are shown in Table II .
Safety findings
Neurotoxicity has been seen in prior studies of BKM120. In our study two patients experienced grade 2 confusion, and one patient experienced grade 3 confusion. Confusion was a DLT in all cases in which it was identified. Other drug-related toxicities grade 2 included grade 3 mucositis (n 5 1), grade 2 dysphagia (n 5 1), grade 2 fatigue (n 5 2), grade 2 elevated serum bilirubin (n 5 1) and grade 3 nausea (n 5 1). The details of toxicities encountered are shown in Supporting Information Table SI .
Protein profiling
Western blot analysis was performed to evaluate the depth of PI3K/AKT/mTOR inhibition, and is shown in Supporting Information Table SII . A decrease in mTOR target p-pS6K/total pS6K preand post-1 cycle of BKM120 was observed in 5/7 (71%) evaluable samples with a mean quantitative inhibition of 65% (range, 32-100%). Similarly, a decrease in AKT target p-FOXO3/total FOXO3 pre-and post-1 cycle of BKM120 was observed in 4/6 (67%) evaluable samples with a mean quantitative inhibition of 93% (range, 89-100%). The one patient with stable disease had decreases in both p-pS6K/total PS6K (45%) and p-FOXO3/total FOXO3 (100%).
RPPA analysis
Six patients were evaluated using RPPA. Supporting Information Table SIII demonstrates the RPPA analysis for the proteins of interest in this analysis. Proline-rich AKT substrate of 40 kDa (PRAS40) was the only significantly decreased or down-regulated protein in this analysis; boxplot shown in Fig. 1 . A trend toward upregulation by buparlisib was identified in the AKT pathway proteins Akt_pS473 and Akt_pT308. mTOR targets S6_pS240_S2444 and S6_p235_p236 were decreased in four of the six tested but did not reach significance due to the small sample size. Other interesting targets down-regulated by buparlisib included p53 regulator MDM2_pS166 (P 5 0.018), known to be phosphorylated by AKT, ribosomal protein RPA32 (P 5 0.032), and BRD4 (P 5 0.039). A subset of proteins with significant expression change before and after treatment, identified by P < 0.05 and fold change >1.2 or < 21.2, were plotted on a heatmap shown in Fig. 2 . 
Discussion
This trial was the first to evaluate a pan-PI3K inhibitor in advanced leukemias and demonstrates that targeting this pathway elicits modest activity but may have significant toxicity in the leukemic population. The intent of this analysis was to evaluate the tolerability, preliminary efficacy, and biologic activity of BKM120 in advanced leukemias to guide the feasibility and design of future therapeutic investigations using buparlisib and/or alternate PI3K-inhibitors in combination with other targeted inhibitors or cytotoxic therapy. The MTD identified for BKM120 in this trial was 80 mg/day and is lower than the MTD of 100 mg/day established in patients with solid tumors. [3] Furthermore, 3 of 14 patients experienced clinically significant confusion. It is known that BKM120 is effective at crossing the blood-brain barrier, which is supported by neurotoxicity in these patients. [5] Neurotoxicity was observed in early phase trials of BKM120 in patients with metastatic breast cancer and glioblastoma. [5, 20] However, unlike in this trial, neurotoxicity was not often a DLT in early phase trials with solid tumors. The differential tolerability and increased CNS toxicity of this agent in patients with relapsed leukemia as opposed to those with solid tumors is unknown.
Correlative studies revealed that BKM120 was effective at suppressing downstream biomarkers p-S6K and p-FOXO3. RPPA analysis also revealed significant down-regulation of PRAS40. This is an important finding as PRAS40 has been shown to relieve inhibitory constraint on the AKT and mTOR signaling pathways of interest. [21] The ability of buparlisib to down-regulate PRAS40 theoretically provides improved inhibition and regulation of the deregulated AKT pathway. Unexpectedly, phosphorylation of direct PI3K target AKT was induced (although this did not reach statistical significance), possibly pointing towards a compensatory feedback secondary to inhibition of other signaling pathways. We found upregulation of MAPK_pT202_Y204 and of Stat3_pY705 in four of the six patients (Supporting Information). These findings confirm the effectiveness of buparlisib at specifically targeting and inhibiting the downstream PI3K/AKT pathway of interest, but such biological suppression did not manifest as improved clinical responses in this population of patients.
A finding of note in the analysis of this trial involves patients with a 3q26 aberration identified on cytogenetic analysis. 3q26.2 gene rearrangement results in overexpression of a protooncogene, transcription factor EVI1. [22, 23] High EVI1 expression is one of the common gene expression changes in acute myeloid leukemia and is associated with an extremely poor prognosis. [24] Co-occurrence of RAS/receptor tyrosine kinase mutations are frequently noted in patients with 3q26 aberrations, [25] and these in turn, are known to upregulate PI3K signaling. High EvI1 was also shown to directly inhibit PTEN transcription by recruiting polycomb repressive complexes, and this translated into activation of AKT/mTOR signaling. [24] Thus, patients with 3q26 aberrations frequently have significant upregulated PI3K/AKT/mTOR signaling. Interestingly, the three patients with 3q26 abnormalities detected had a significantly improved overall survival (median 360 days) compared to the 11 non 3q26 patients (median 57 days) with a P value of 0.0052. The three patients of interest all received multiple therapies (median n 5 6) following disease progression on BKM120. Though the sample size in this study is too small to make conclusive determinations, these finding suggests that patients with 3q26 gene rearrangements may be more sensitive to the effects of panPI3K inhibition. This would be in consort with the established mechanism of leukemiogenesis associated with 3q26 aberrations. Inversions of the 3q locus (or EVI1 overexpression) may then be candidate biomarkers to select patients with advanced leukemia most likely to benefit from panPI3K inhibitor therapies in subsequent trials.
Based on the results of this investigation, further evaluation of BKM120 either as a single agent or as a combination therapy in advanced hematologic malignancies may be considered, but selection of patients using baseline cytogenetic or molecular biomarkers is warranted to enrich for a population that may derive benefit.
